Monosomal karyotype (MK), defined as > 2 autosomal monosomies or a single monosomy in the presence of other structural abnormalities, was confirmed by several studies to convey an extremely poor prognosis in patients with acute myeloid leukemia (AML) with a 4-year overall survival after diagnosis of < 4%. A recent investigation by the Southwest Oncology Group found that the only MK ؉ patients alive and disease free > 6 years from diagnosis received allogeneic hematopoietic cell transplantation (HCT). To expand this observation, we retrospectively analyzed 432 patients treated with HCT at the Fred Hutchinson Cancer Research Center, 14% of whom were MK ؉ . The 4-year overall survival of patients after HCT was 25% for MK ؉ AML and 56% for MK ؊ AML (adjusted hazard ratio ‫؍‬ 2.29, P < .0001). Among the MK ؉ patients, complex karyotype was associated with a significantly worse outcome than patients with noncomplex karyotype (adjusted hazard ratio ‫؍‬ 2.70, P ‫؍‬ .03). Thus, although the prognosis of MK ؉ patients remains worse than that for MK ؊ patients in the transplantation setting, HCT appears to improve the overall outcome of MK ؉ patients, especially patients without a complex karyotype. However, the 28% of MK ؉ patients > 60 years had only a 6% 4-year survival rate after HCT, stressing the need for new approaches in these patients. (Blood.
Introduction
Since the initial description of monosomal karyotype (MK) among patients with acute myeloid leukemia (AML) by Breems et al, 1 several groups have confirmed the prognostic significance of this entity. [2] [3] [4] [5] Defined as Ն 2 distinct autosomal monosomies or a single autosomal monosomy in the presence of other structural abnormalities, MK identifies a distinct subset of AML with an extremely poor prognosis, with the Southwest Oncology Group (SWOG) finding that Ͻ 4% of MK ϩ patients were projected to be alive 4 years after initial diagnosis. 2 In fact, in that study the only MK ϩ patients found to be alive and disease free Ͼ 6 years from diagnosis were 2 that received allogeneic hematopoietic cell transplantation (HCT) while in first complete remission (CR1). 2 This observation does not, however, answer the question of the overall utility of allogeneic HCT in the treatment of MK ϩ AML because the number of patients treated with this procedure in the previous study was unknown. Therefore, we have attempted to address the efficacy of HCT in the treatment of MK ϩ AML by reviewing our recent experience at the Fred Hutchinson Cancer Research Center (FHCRC).
Methods

Patients
Among consecutive patients with AML who had cytogenetic evaluation performed at the FHCRC/Seattle Cancer Care Alliance (SCCA) between April 2006 and April 2010, 432 received HCT at our institution, accounting for 95% of all patients who received a transplant for AML during the 4-year time period. This formed the starting point for our analysis. Table 1 describes their characteristics. Cytogenetic results at initial diagnosis from outside institutions, whenever available, were reviewed by an FHCRC/SCCA cytogeneticist. The majority (82%) of HCTs were performed in CR. The study was approved by the institutional review office at the FHCRC/SCCA.
As a control group, a subset of patients not receiving a transplant from the SWOG studies 2 was used. Specifically, all patients from a transplantation study (S9034) or those who later underwent HCT were excluded. Among the remaining patients not receiving a transplant, we included the 432 patients in CR1 who survived Ն 6 months from the date of initial registration. This allowed us to account for the fact that the patients who underwent a HCT had to remain in remission for a minimum time before HCT could be performed, whereas the patients not undergoing HCT did not "guarantee time." The characteristics of patients in this control group are summarized in Table 2 .
Cytogenetic studies
At diagnosis or evaluation before and after transplantation, samples from BM aspirates were tested for cytogenetic abnormalities with the use of standard culturing and G-banding analysis at SCCA. Karyotype designation was based on the International System for Human Cytogenetic Nomenclature. 6 Only clonal abnormalities were considered as positive results. Abnormalities were considered clonal if Ն 2 metaphases had the same aberration in case of a structural abnormality or an extra chromosome or if Ն 3 shared the same abnormality in case of a monosomy. The karyotype analysis was based on 20 metaphases for each sample as a routine procedure. Cytogenetic studies of the SWOG patients were described previously. 2 
Statistical analysis
The 2 test was used to compare proportions. Overall survival (OS) from the date of transplantation or the date of registration to study (typically The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734.
around the time of diagnosis) plus 6 months (denoted the reference date) for the nontransplantation cohort was used as the endpoint for survival. The Kaplan-Meier method was used to estimate survival curves. The median follow-up time of surviving patients was 36 months (range, 6-98 months). Cox regression analysis was used to compare survival between groups, adjusting for age at transplantation (0-40 years, 41-60 years, and 61-80 years), conditioning regimen (myeloablative, nonmyeloablative), disease status at transplantation (relapse, remission), and months from diagnosis to transplantation (0-18 months, Ͼ 18 months). All P values are 2-sided and reflect the mortality hazard ratio (HR) analysis, not an analysis of survival percentages at a fixed time. Table 3 summarizes cytogenetic findings in the 432 patients who received a transplant. According to conventional cytogenetic risk classification, 7-9 good-risk patients (including core binding factor AML and promyelocytic leukemia) accounted for 7% of these 432, intermediate risk (including patients with a normal karyotype) for 59%, and poor risk for 34%. A complex karyotype, defined as Ն 3 chromosomal abnormalities, was noted in 66 patients (15% of all 432). Of the 148 total poor-risk patients, 60 (41%) had a MK. More specifically, 23 patients had a complex but not MK, 17 had a MK but not complex karyotype, 43 had both a MK and a complex karyotype, and 65 had neither a MK nor a complex karyotype but rather had simple but prognostically unfavorable abnormalities such as monosomy 7. However, 68% of patients with monosomy 7 had a MK. Among patients with a MK the most common monosomies involved chromosomes 7, 17, 5, 18, and 13. Among these, only monosomy 7 was also seen in MK Ϫ patients in this cohort.
Results
Incidence of cytogenetic abnormalities in patients with AML
The proportion of patients with MK ϩ AML increased with age. Only 9% of patients younger than age 40 years had MK ϩ disease, but the percentage increased to 19% for patients older than age 60 years (Table 3 ; P ϭ .07). No sex distribution differences were noted in the proportion of patients with MK (P ϭ .82).
Prognostic effect of MK in relation to age, type of monosomy, and complex karyotype
The 4-year OS from the date of transplantation was 48% for patients with good risk cytogenetics, 59% for those with intermediate risk cytogenetics, and 52% for those with poor risk disease without MK (Table 3 ). The presence of MK among the poor-risk group decreased the 4-year OS to 25%. Increasing age was associated with poorer survival, and this effect was more pronounced among patients with MK. Among patients aged 41-60 years, 4-year OS was 57% for those without MK and 28% for those with MK (adjusted HR ϭ 3.15, P Ͻ .0001). Among patients aged 61-80 years, 4-year OS was 44% for those without MK and only 6% for those with MK (adjusted HR ϭ 2.23, P ϭ .009). The mortality was largely because of disease recurrence, accounting for 63% in MK Ϫ patients and 68% in MK ϩ patients. For MK ϩ patients older than age 60 years, relapse-related mortality accounted for 75%. The remaining mortality was considered transplantation associated. Among the 17 MKϩ patients older than age 60 years, 65% used nonmyeloablative conditioning regimen, including the single patient alive at 3 years after transplantation.
Among the MKϩ patients, specific monosomies did not appear to differ in the prognosis, except for monosomy 5. Fourteen of the 15 MK ϩ patients with monosomy 5 did not survive to 18 months after transplantation. The estimated overall 4-year survival was 0% for this group (Table 3) .
Because of the association in our study between a complex karyotype and a MK and because a previous study showed that the MA indicates myeloablative; NMA, nonmyeloablative; and PBSC, peripheral blood stem cell.
*The breakdown was 228 (65%) in first remission, 101 (29%) in second remission, 16 (4.5%) in greater than second remission, and 8 (2.3%) unknown.
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BLOOD, 11 AUGUST 2011 ⅐ VOLUME 118, NUMBER 6 For personal use only. on April 15, 2017. by guest www.bloodjournal.org From prognostic effect of a complex karyotype largely reflected this association in patients who generally did not receive a HC transplant, 1 we analyzed the prognostic significance of MK in relation to complex karyotype among our patients who received a transplant. MK did not appear to significantly worsen the prognosis of patients without a complex karyotype (adjusted HR ϭ 1.40, P ϭ .31), but it appeared to decrease the survival of patients with a complex karyotype (adjusted HR ϭ 2.00, P ϭ .11; Table 3; Figure 1A ).complex karyotype decreased the 4-year OS from 46% to 17% (adjusted HR ϭ 2.70, P ϭ .03) even though other characteristics of the patients were similar (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Among MK Ϫ patients, the association of complex karyotype with survival was less pronounced and not statistically significant (HR ϭ 1.50, P ϭ .20; Figure 1A) .
To account for the fact that the patients who underwent HCT had to remain in remission for a minimum time before HCT could be performed and the patients not undergoing HCT did not "guarantee time," we included only patients who survived for Ͼ 6 months from the date of registration to SWOG studies in the nontransplantation control group; 85% were still in CR1 at this reference date. For this control group, the overall 4-year OS was 0% for MK ϩ patients (n ϭ 22) compared with 42% for MK Ϫ patients (n ϭ 410) and with 25% for MK patients who underwent HCT. Figure 1B shows outcomes according to MK status and presence of complex karyotype. Among patients with a complex karyotype, MK ϩ decreased the 4-year OS from 42% to 0%, but the difference was not significant by multivariate analysis, given the small sample size (adjusted HR ϭ 1.83, P ϭ .13; Figure 1B ).
Discussion
The newly defined subgroup of cytogenetic abnormalities, MK, has been shown to convey an unfavorable prognosis in AML, particularly among older patients. 1,2 However, because it was unclear how many of these patients had undergone HCT and because of a suggestion that HCT might be beneficial in MK, 2 we examined the effect of MK on 4-year survival among patients with AML undergoing HCT. MK was identified in 14% of patients and was more frequent with increased age at transplantation, present in only 9% of patients age 40 years or younger but in 19% of patients older than 60 years. Consistent with previous reports, 1,2 MK was only seen in patients with poor-risk cytogenetics, accounting for 41% of this group (Table 3) . Similar to the experience with chemotherapy, MK status in the context of allogeneic transplantation was able to effectively divide the poor-risk cytogenetic group into 2 subgroups, patients without MK who had a better outcome and patients with MK who did much worse. However, after transplantation the outcomes appeared much improved, with a 4-year survival of 52% in patients who were MK Ϫ and 25% in patients who were MK ϩ , outcomes that appear to be improved from the 14% and 3% 4-year survival rates, respectively, seen in the SWOG study in which therapies were largely chemotherapy based. 2 The differences in the abovementioned numbers are not entirely because of the different treatments. It is undoubtedly the case, for example, that patients who were able to survive to transplantation had a better inherent prognosis than patients who did not receive a transplant. Answering the question of the true effect of allogeneic HCT on MK ϩ AML would require identifying patients at diagnosis and then allocating them to transplantation versus nontransplantation strategy at a time when both options were possible. Despite the issues of selection bias, similar to that occurring in single-arm phase 2 studies, we believe such bias is unlikely to account for all of the difference between 25% and 3% in 4-year survival. To partially address this issue, we used, as a control group, a subset of the patients from SWOG studies who achieved CR1 and survived Ն 6 months without later undergoing HCT. The nontransplantation cohort had similar demographic and cytogenetic characteristics to the HCT cohort (Tables 1-2) , although obviously there are many other factors that determine which patients are referred for and undergo HCT. The 4-year OS for the MK ϩ patients in this control group was 0% compared with 25% in the HCT cohort (Figure 1 ). Although not allowing for a firm conclusion and by no means a substitute for a randomized comparative study, these data support the efficacy of allogeneic HCT for MK ϩ AML.
Compared with a recent study of 212 patients with AML that reported a 3-year OS rate of 40% for MK ϩ patients who received a transplant during CR1 and 17% for MK ϩ patients who received a transplant during CR2, 10 the 4-year OS from our MK ϩ cohort was 30% for patients who received a transplant in CR1 and 25% for patients who received a transplant during CR2 (Table 3) . However, it is hard to directly compare the results because of other potential differences in the study population. For instance, our patients were 5 to ϳ 6 years older in median age than the other study. We further addressed the effects of age and complex karyotype on the outcome of patients who underwent HCT in relation to MK, which has not been defined previously.
Age remains an important independent prognostic factor in patients with AML undergoing HCT, because the negative effect of MK in younger patients (Ͻ 40 years) was much weaker. In older patients, our data showed a 4-year OS of 6% among MK patients older than age 60 years, not substantially higher than the SWOG data of Ͻ 1% among patients 41 years and older.
As shown previously, the type of autosomal monosomy present did not lead to differences in outcome in general. 1 However, our data showed a particularly dismal prognosis for monosomy 5, with a 0% 4-year OS compared with 13%-39% of 4-year OS associated with other common monosomies, such as Ϫ7, Ϫ13, and Ϫ17 in our cohort (Table 3) .
Of particular interest is the effect of complex karyotype in relation to MK on the outcome of patients with AML who received a transplant. Unlike in the nontransplantation setting in which the effect of complex karyotype is lost when MK is taken into consideration, MK patients with a complex karyotype who received a transplant have a much worse outcome than MK patients without a complex karyotype. In the transplantation setting, complex karyotype may have less prognostic value among non-MK patients, but the number of such patients in our cohort was small and limited our ability to evaluate this subgroup. Future studies with larger patient cohorts are warranted.
Overall, survival after HCT appears mostly affected by disease relapse rate rather than transplantation-associated mortality because our data showed approximately two-thirds of patients, both MK Ϫ and MK ϩ , died of relapse. Among MK ϩ patients older than 60 years, the relapse-associated mortality was 75%. Therefore, intensifying the regimen may be considered to further improve outcome.
In summary, our analysis of patients with AML treated with HCT suggests that transplantation may partially overcome the poor prognostic effect of MK, particularly in patients older than 61 years. In older patients with MK ϩ AML both current HCT and non-HCT approaches are quite unsuccessful, stressing the need for new approaches for such patients.
